The effect of sensory stimulation on discharge in norepinephrine-containing locus coeruleus
Abstract
The effect of sensory stimulation on discharge in norepinephrine-containing locus coeruleus (NE-LC) neurons was studied in unanesthetized behaving rats. Single unit and multiple unit extracellular recordings demonstrated consistent patterns of response.
(1) Short latency (15 to 50-msec), transient, biphasic changes in discharge were elicited predictably by non-noxious auditory, visual, and somatosensory stimuli; individual recordings typically exhibited polysensory responsiveness.
(2) Sensory-evoked field potentials (FPs) were synchronized with unit responses simultaneously recorded from the same electrodes.
(3) The magnitudes of sensory-evoked response varied as a function of vigilance, so that the largest responses occurred for stimuli which awakened animals and the least responsiveness was exhibited during uninterrupted sleep. (4) Sensory responsiveness decreased during grooming and sweet water consumption, similar to the results for sleep. (5) Characteristic response properties were topographically homogeneous throughout the NE-LC. (6) Discharge was synchronized markedly among neurons in multiple unit populations during phasic robust responses.
These results are interpreted in light of the preceding report (Aston-Jones, G., and F. E. Bloom (1981) J. Neurosci. I: 876-886) and studies of the postsynaptic effects of NE to indicate that the NE-LC system may function more in phasic processes than in modulation of the tonic arousal level. We propose that pronounced NE-LC discharge may enhance activity within target cell systems primarily concerned with processing salient external stimuli and suppress central nervous system activity related more to tonic, vegetative functions. Thus, the NE-LC system may bias global behavioral orientation between stimuli in the external versus internal environments.
Most brain norepinephrine
(NE)-containing neurons are located in the pontine nucleus locus coeruleus (LC). The extensive projections of these neurons, together with the pronounced behavioral, clinical, and postsynaptic effects produced by manipulations of NE activity in brain, have fostered several possible' functions for the NE-containing LC (NE-LC) system (Foote et al., 1975; Segal and Bloom, 1976a, b; Freedman et al., 1977) . Depending upon the lability of NE-LC activity, previous data could support the view that this system regulates either long duration brain activity, such as sleep and waking, or short duration events, such as phasic attention and distractibility. Other studies (Graham and Aghajanian, 1971; Bunney et al., 1975; Cedarbaum and Aghajanian, 1976; Aghajanian et al., 1977; Bird and Kuhar, 1977; Aghajanian, 1978; Aston-Jones et al., 1980) have reported consistently that NE-LC neurons in anesthetized preparations spontaneously discharge in a slow tonic manner and are apparently responsive only to strongly noxious stimuli. Such tonic discharge, insensitive to nearly all environmental stimuli, is consistent with previous hypotheses linking this system with stages of the sleepwaking cycle (Ramm, 1979; Clark, 1979; Amaral and Sinnamon, 1977; Steriade and Hobson, 1976) . On the other hand, some investigators (Lader, 1974; Gray et al., 1975; Redmond and Huang, 1979) have proposed that predominant responsivity to noxious stimuli indicates a role for the NE-LC system in mediating pain and anxiety.
We have found, however, that, in unanesthetized behaving animals, the discharge of NE-LC neurons is much more labile than that in anesthetized preparations.
In the preceding paper (Aston-Jones and Bloom, 1981), we reported that spontaneous activity varies not only with Vol. 1, No. 8, Aug. 1981 tonic stages of the sleep-waking cycle (S-WC) but also with phasic EEG events within some stages (spindle activity during slow wave sleep). Furthermore, we have demonstrated (Jones et al., 1979; Foote et al., 1980) that NE-LC neurons in behaving rats and monkeys are responsive to mild, non-noxious environmental stimuli of many modalities. In addition, other laboratories (Aghajanian et al., 1977; Takigawa and Mogenson, 1977) have reported similar responses to electrical stimulation of certain peripheral nerves. These various data indicate that the NE-LC system may function principally in more phasic processes than sleep and waking and in phenomena more general than pain and anxiety. We therefore undertook a detailed analysis of NE-LC sensory responsiveness in unanesthetized behaving rats and now report characteristics not previously described.
(1) The magnitudes of response elicited by environmental stimuli vary as a function of vigilance levels. (2) Sensory-elicited discharge is accompanied synchronously by evoked field potentials from the same electrodes. (3) Sensory-evoked discharge decreases within active waking during grooming and consumption.
We conclude that the NE-LC system may play a specific role within the general framework of arousal, altering central nervous system (CNS) and behavioral responsivity to salient unexpected stimuli in the external environment.
Materials and Methods Surgery. Rats were prepared for experimental recording sessions as previously described (Aston-Jones and Bloom, 1981) . In brief, the LC was localized during stereotaxic surgery with the aid of unit recording. Skull screws were implanted to provide electroencephalogram (EEG) and ground reference signals, and bilateral subcutaneous wires were sutured permanently through dorsal neck muscles to serve as electromyogram (EMG) electrodes.
Experimental paradigm. After at least 4 days of recovery from surgery, rats were placed in the experimental chamber either as freely moving (N = 82) or as harnessrestrained subjects (N = 35) (Aston-Jones and Bloom, 1981) . For each rat, the experimental paradigm alternated between recording spontaneous activity during natural sleep and waking (Aston-Jones and Bloom, 1981) and recording activity during systematic presentation of sensory stimuli (reported here). The investigator monitored all data collection.
Recording techniques. Filtered and unfiltered unit electrode traces, EEG, EMG, and digital impulse records were obtained as described (Aston-Jones and Bloom, 1981) . These signals, along with digital logic pulses synchronized with experimental stimuli (sync pulses), were recorded on magnetic tape and also were displayed on polygraph paper either on-or off-line. Sync pulses and digitized unit activity were fed into a PDP 11-10 or 11-03 computer either on-or off-line to generate peri-stimulus time histograms (PSTHs); inter-spike interval histograms (ISHs) were generated similarly from spontaneous discharge.
Experimental sensory stimuli. The following stimuli were presented at regular 4-or 16-set intervals in blocks of 25 to 100 trials per modality: (I ) tone pips (4 KHz, 20 msec duration, about 96 dB on a 57-dB background); (2) light flashes (10 pet duration, 50 to 100 candela); (3) brief, mild skin contacts (touches, manually applied to dorsorostral tail surface); (4) single droplets of a 5% aqueous glucose solution (dispensed from a remote, electrically activated solenoid); sync pulses for licks were generated by a high impedance circuit upon tongue contact with the solution. Digital sync pulses were synchronized precisely with tone pips, flashes, and licks; a manual push-button generated digital pulses approximately synchronized with touches.
Localization of recording sites. Histological procedures were described previously (Aston-Jones and Bloom, 1981) . All data were obtained from histologically identified recording sites, using gliotic lesion sites or Prussian Blue-reacted iron deposits (illustrated in Fig. 1 ) for reference marks.
Data analysis. Criteria for acceptable single unit (SU), multiple unit (MU), and field potential (FP) data and for scoring the S-WC are described elsewhere (AstonJones and Bloom, 1981) . Waking (W) consisted of at least 3 set of uninterrupted stage I (SI) or stage II (SII), and slow wave sleep (SWS) contained at least 3 set of uninterrupted stage III (SIII) or stage IV (SIV) (see AstonJones and Bloom, 1981 for a description of the stages).
For SU recordings, each stimulus trial was categorized as to EEG arousal levels which occurred before and after the stimulus: (1) SWS/W, SWS preceded the stimulus which was followed within 0.5 set by W; (2) W/W, continuous W both before and after the stimulus; (3) SWS/SWS, continuous SWS both before and after the stimulus. Trials that could not be assigned to one of these categories unambiguously were not included in the data analysis. The magnitude of response for each stimulus trial was determined (from polygraph records) by subtracting the number of impulses in the 200-msec epoch preceding the stimulus from the number of impulses in the 200-msec epoch following the same stimulus.
Response latencies were determined by computer from PSTHs which incorporated at least 25 consecutive trials each as illustrated in Figure 2 . Base line mean and standard deviation (SD) for PSTH bins (bin width = 4 or 8 msec) were calculated for a period of 1 set or more, beginning at least 2 set after stimulus onsets. Excitatory response onsets and inhibitory response offsets were defined at the midpoint of the first bin which exceeded base line mean by 2 SDS or more and which also was the first of 5 consecutive bins whose mean value met the same criterion. Inhibitory response onsets and excitatory response offsets were defined similarly but using 20 consecutive bins; for inhibitory responses only, if the base line mean was less than 2 SDS, responses were defined using a l-SD requirement. Results
Spontaneous discharge. In general, SU recordings in the NE-LC yielded slow, tonic spontaneous discharge (W rate = 1.74 f 0.15 Hz; mean f SEM, N = 30 cells). However, activity was altered dramatically by mild sensory stimuli. This effect was most obvious in MU recordings, which typically contained aperiodic impulse bursts, each followed by a prolonged period of suppressed activ- ity. These phasic bursts were associated consistently with background stimuli in the environment. Upon systematic examination, we found that this discharge pattern matched sensory-evoked activity characteristic of both MU and SU recordings (described below). Sensory-evoked discharge. As illustrated in Figures 3 through 6 and summarized in Table I , NE-LC neurons homogeneously responded to mild, non-noxious sensory stimuli of many modalities. Auditory, visual, and somatosensory stimuli all elicited similar patterns of biphasic response, consisting of an initial burst of impulses followed immediately by a longer period of decreased activity (closely resembling the phasic pattern of "spontaneous" activity in MU recordings described above). Table II summarizes response latencies for tone pip and flash stimuli. MU recordings consistently yielded less variable latencies and fewer response failures than SU data. The response properties of NE-LC neurons in MU populations were also predominantly homogeneous (see Table I and below) as reflected in the markedly synchronized response activity among neighboring NE-LC neurons recorded simultaneously. MU activity, therefore, may provide more representative latency data than SU recordings, owing to the correspondingly larger sample of impulses. MU response latencies for tone pip and flash stimuli are compared graphically in Figure 7 . Excitatory responses to flashes had longer onset latencies than did responses to tone pips (for SUs and MUs, p < 0.0005 by paired t tests, N = 10 and 9, respectively). The same relationship existed for excitation offset latencies in these two modalities (p c 0.005), as well as for the subsequent latencies of inhibitory response onset (for SUs and MUs, p < 0.05 by paired t tests, N = 4 and 7, respectively). Excitatory response durations were longer for flashes in SU data (p < 0.005 by paired t test) but did not differ significantly in MU recordings (p > 0.1 by paired t test); the difference here between SU and MU data may be a Figure  3 . ISH and other sensory modality PSTHs for this recording are given in Figure 6 . consequence of the relatively high variability in SU data due to the intrinsically small sample of impulse activity as noted above. Inhibitory response durations for tone pips were longer than for flashes (for SUs, p c 0.01, N = 4; for MUs, p < 0.025, N = 7, paired t tests), but the latencies of inhibitory response offset were similar for the two modalities in both SU and MU recordings (p > 0.1 by paired t tests).
Six SU and three MU touch PSTHs were analyzed quantitatively; although sync pulses were not synchronized precisely with somatosensory stimuli, consistent response patterns were approximated, SU excitatory response duration = 206.6 + 40.9 msec (mean f SEM) and subsequent inhibitory response duration = 532.0 & 58.0 msec; MU excitatory response duration = 240.0 f 24.0 msec and subsequent inhibitory response duration = 605.3 f 127.2 msec. Touches apparently elicited more pronounced responses than tone pips or flashes. Similarly, auditory responses were generally more robust than responses to visual stimuli, consistent with the comparatively large number of visual response failures (seen in Tables I and II) and flash responses insufficient in magnitude to permit single trial analysis (see below). It was also apparent that touches elicited greater orienting response than tone pips which, in turn, were more effective than flashes. Thus, stimulus modalities yielded the same order of efficacy for NE-LC unit response and for behavioral orienting responses. This indicates that NE-LC responsiveness may vary with evoked vigilance increase more directly than with stimulus modalities per se.
Several NE-LC recordings were examined with olfac- tory stimuli (acetic acid-soaked swab placed under the nose) and painful tail pinches (manually applied). Each of the 4 recordings tested with olfactory stimulation exhibited an excitatory response, but a subsequent inhibitory response was difficult to identify (perhaps due to less abrupt and more prolonged stimulus administration). Tail pinches elicited a strong response in all 4 recordings tested, yielding a biphasic (excitatory-inhibitory) pattern of discharge similar to that characteristic of responses to non-noxious auditory, visual, and somatosensory stimuli.
In contrast to the biphasic response pattern typically evoked by sensory stimuli in the above studies, gustatory stimulation (during voluntary consumption of a preferred 5% aqueous glucose solution) elicited only a decrease in NE-LC discharge. These responses were most apparent in cumulative PSTHs as seen in Figures 4 and 6 . Quantitative PSTH analysis yielded the following results: for SUs, the latency of inhibitory response onset = 59.0 + 22.4 msec (mean + SEM) and offset latency = 357.0 + 32.4 msec (N = 4); for MU recordings, the latency of inhibition onset = 44.7 f 16.9 msec and offset latency = 420.0 f 75.4 msec (N = 6). Gustatory responses were unrelated to the motor activity involved in licking, since there was no consistent pattern of NE-LC activity in PSTHs which were triggered at the onset of every lick in an episode (typically 6 to 7 licks/set for about 2 to 3 set); consistent NE-LC response occurred only in PSTHs which were synchronized with the first lick in each trial, i.e., the first lick only for each drop of solution.
Sensory response magnitudes. In our initial studies, NE-LC responses appeared to habituate and dishabituate in rapid succession. Typically, the first 5 to 10 stimuli elicited robust responses, while the following set of 5 to 10 stimuli elicited very little or no response, followed by pronounced responses to the next few stimuli, etc. (see Figs. 3 , 5, and 8). Upon closer examination, however, we found that these fluctuations in response corresponded to changes in the animal's level of vigilance. As illustrated in Figure 8 , the magnitudes of response to tone pips were correlated directly with EEG arousal. For quantitative analysis, each stimulus trial was placed in one of three categories according to the S-WC stages immediately preceding and following stimulus presentation, and response magnitude was calculated for each trial (as described under "Materials and Methods"). As shown in Figure 9, (Aston-Jones and Bloom, 1981) , was observed to decrease during grooming and sweet water consumption, similar to results obtained for sleep (above). Furthermore, these three behavioral states also were correlated with reduced orienting behavior in response to sensory stimuli. However, any sensory stimulus that successfully disrupted such ongoing behavior elicited a robust response in NE-LC activity (qualitative observations). Thus, tonically reduced NE-LC activity accompanied behavioral states characterized by low levels of vigilance, whereas phasic, intense NE-LC discharge corresponded to abrupt increases in vigilance.
Sensory-evoked field potentials. panied the onset of excitatory unit responses, closely followed by a positive FP deflection. Sensory-evoked FP magnitudes ranged from 100 to 300 PV in the negative component and from 50 to 150 PV in the positive component.
As found for unit responses (above), the magnitudes of sensory-evoked FPs fluctuated with changes in vigilance. FPs in the SWS/W category were apparently larger than those in the W/W category which, in turn, were generally larger than FPs in the SWS/SWS category (illustrated in Figs. 8 and 14) . In contrast to unit activity, however, FPs continued to be evoked in the NE-LC during PS (Fig. 15) although with smaller amplitudes than those typically elicited during other S-WC stages. The NE-LC was divided histologically into quadrants (Aston-Jones and Bloom, 1981) to test for possible topographical segregation of unit response properties. There were no differences in Table I properties for SU or MU recordings in different quadrants. Similarly, one-way analyses of variance for response latencies across quadrants yielded no significant differences (for SUs, p > 0.05, N = 5,4,4, and 4 for tones and 3, 3, 3, and 2 for flashes in the dorsoanterior (DA), ventroanterior (VA), dorsoposterior (DP), and ventroposterior (VP) quadrants, respectively; for MUs,p > 0.05, N = 7, 3, 3, and 2 for tone pips and 5, 0, 3, and 1 for flashes in the DA, VA, DP, and VP quadrants, respectively) .
However, when comparing quadrants for response magnitudes, some significant differences emerged. Only DP neurons exhibited SWS/W magnitudes that were significantly greater than those in the W/W category ( p c 0.05 by paired t test, N = 3 cells; p > 0.1 by paired t tests in the DA and VA quadrants, N = 7 and 2 cells, respectively; the VP quadrant was not analyzed as there was only 1 cell common to these categories). Also, response magnitudes for DP neurons were significantly greater in the W/W than in the SWS/SWS category at the p < 0.01 level .(by paired t test, N = 4 cells), while cells in the VA quadrant yielded a similar difference at the p < 0.05 level only (by paired t test, N = 4 cells), and DA cells exhibited no significant difference (p > 0.1 by paired t test, N = 7 cells); the VP quadrant was not analyzed (as N = 1 cell common to these categories). One-way analyses of variance revealed a significant effect of quadrant for response magnitudes in the W/W category only (p < 0.02, N = 16 cells). Subsequent t tests revealed that DP response magnitudes in the W/W category were significantly greater than those for cells in the VA quadrant at the p < 0.005 level (N = 4 cells in each quadrant), while neurons in the DA quadrant (N = 7 cells) yielded significantly higher W/W magnitudes than those in the VA quadrant at the p c 0.05 level only; the VP quadrant was not analyzed (as N = 1 cell for this category). Thus, cells in the DP quadrant tended to exhibit larger responses to tone pips during W than other NE-LC neurons. This also appeared to be true for flash LJ60.80 TIME -MSEC Figure 12 . Sensory averaged evoked potential (AEP) and corresponding SU PSTH for one NE-LC recording site. Differential recordings are separated into FP and unit traces from the same electrodes as described under "Materials and Methods." Both records were accumulated for the same tone pip trials (onsets at arrow). The PSTH time axis serves for both records. PSTH bin width = 1 msec.
responses, but quantitative comparison across quadrants was precluded by an insufficient number of cells amenable to single trial analysis; however, of the 3 cells with response magnitudes permitting that analysis, 2 were in the DP quadrant.
During the course of these studies, we noted that anomalous activity was exhibited often by NE-LC neurons situated near an edge of the nucleus. We compared our results for neurons located within about 50 pm on either side of NE-LC boundaries (edge cells) with results for neurons located more centrally. Thirteen of the 14 exceptions in Table I SU properties were from edge cells as were all 3 exceptions in MU properties. However, PSTHs for SU and MU edge recordings yielded response latencies similar to those for non-edge recordings (p > 0.1 by t tests; N = 5 edge and 12 non-edge SUs for tone pips, N = 2 edge and 8 non-edge SUs for flashes; N = 2 edge and 13 non-edge MUs for tone pips; there were insufficient cases to compare inhibitory flash response latencies or MU excitatory flash response latencies).
Qualitative data collected on 91 non-LC pontine SUs during the course of these studies are summarized in Table III. Comparing Table I with Table III reveals that a relatively small percentage of non-LC pontine neurons exhibited discharge properties that were characteristic of NE-LC neurons (percentages differ between corresponding properties in Table I and Table III atp c 0.001 by x2 tests for two independent samples). There were too few non-LC neurons quantitatively examined to compare their latencies or durations with NE-LC neurons confidently.
Discussion
The present results expand the set of characteristic properties for NE-LC activity in unanesthetized behaving rats (Aston-Jones and Bloom, 1981) . These neurons exhibit prompt, biphasic responses to non-noxious auditory, visual, and somatosensory stimuli. Such responses, consisting of a short burst of impulses followed by a prolonged silence, typically are exhibited for each stim- ulus modality in individual NE-LC recordings. In contrast, these neurons exhibit only inhibitory responses to voluntarily consumed, preferred gustatory stimuli. Thus, NE-LC discharge is characterized by polysensory responsiveness, yielding two modality-specific patterns of evoked activity.
Tone pip response latencies were 30 to 50 msec shorter than for flash stimuli; this difference may be attributable to retinal transmission time, estimated at 30 msec in cat (Creutzfeldt, 1970) . These auditory response latencies approximate the latencies reported for similar responses to electrical stimulation of certain peripheral nerves (Aghajanian et al., 1977; Takigawa and Mogenson, 1977) .
Excitatory response magnitudes fluctuated during trains of stimuli in the present study, which might be interpreted as habituation and dishabituation in the NE-LC. However, these fluctuations were associated systematically with simultaneous changes in the level of vigilance so that the largest responses occurred for stimuli that awakened rats and the smallest were elicited by identical stimuli during uninterrupted sleep. Although habituation of NE-LC responsiveness may eventually occur dissociated from vigilance changes, none was observed here with up to 100 consecutive stimuli. Sensory response magnitudes also were apparently reduced for certain behaviors within active waking, i.e., during grooming or consumption of sweet water, times when behavioral orienting responses were suppressed.
However, stimuli that successfully interrupted either of these behaviors elicited robust responses in NE-LC neurons. Thus, sensory-evoked activity in the NE-LC, like spontaneous discharge (Aston-Jones and Bloom, 1981) , is suppressed tonically during sleep, grooming, and consumption but is phasically enhanced when such ongoing behavior is disrupted, corresponding to a change in behavioral state.
Mild sensory stimuli also evoked FPs in the NE-LC, eliciting waveforms closely resembling those occurring spontaneously.
Similar events have been observed recently in the LC area by Kaufman and Morrison (1981) The relationship between sensory response magnitudes in the NE-LC and vigilance levels implies that there are two significant, distinct influences on NE-LC activity: (1) excitatory inputs mediating sensory-evoked discharge and (2) inhibitory systems that modulate NE-LC excitability according to vigilance or behavioral state. The present FP data offer additional insight as to the factors controlling NE-LC activity. Spontaneous and sensory-evoked FPs without unit activity during PS may reflect concerted excitatory postsynaptic potentials in the presence of strong, tonic inhibition which prevents discharge.
Phasic, excitatory inputs concurrent with tonic, inhibitory inputs resemble factors known to be operating on motoneurons during PS (Chase, 1980) , where impulse generation is prevented despite intense excitatory barrages. This would be consistent with previous proposals (McCarley and Hobson, 1975 ) that NE-LC discharge is incompatible with PS and would suggest that suppression of these neurons plays a critical role in PS episodes.
Future experiments are planned to determine if varying intensities of excitatory and inhibitory inputs to NE-LC neurons similarly underlie certain present results for results reported for anesthetized rats, many fundamental properties differ markedly. Previous studies (Graham and Aghajanian, 1971; Bunney et al., 1975; Cedarbaum and Aghajanian, 1976; Aghajanian et al., 1977; Bird and Kuhar, 1977; Aghajanian, 1978) , as well as our own observations, indicate that these cells in anesthetized animals respond only to strong, noxious environmental stimuli. In contrast, we found that mild, non-noxious sensory stimuli of many modalities elicit pronounced NE-LC responses in unanesthetized behaving preparations. In our unanesthetized preparation, pronounced lability was observed in spontaneous NE-LC discharge with MU recordings, apparently resulting from responses to background environmental stimuli. (Such bursty discharge was less apparent in spontaneous SU activity, probably due to the smaller sampling of impulse activity.) In fact, increased sensory responsivity is the most prominent difference between behaving and anesthetized rats' NE-LC discharge. Reduced responsivity under anesthesia may correspond to the relationship between response amplitude and vigilance found in the present study. By maintaining a low vigilance level, anesthesia may decrease NE-LC sensory responsiveness much like sleep does in unanesthetized rats. The ineffectiveness of most sensory stimuli in anesthetized rats has led some investigators to propose that the NE-LC system is involved primarily in nociception, fear, or anxiety (Lader, 1974; Gray et al., 1975; Redmond and Huang, 1979) . The present results indicate a much broader range of environmental influences on NE-LC discharge, and therefore, a more general role for this system in brain and behavioral activity.
Summary and Hypothesis
The studies described here and in the preceding (Aston-Jones and Bloom, 1981) (Foote et al., 1975; Segal and Bloom, 1976a, b; Freedman et al., 1977) , lead us to reevaluate proposals of NE-LC function and to offer a new working hypothesis for the role of this system in brain and behavioral activity. A global release of NE (e.g., following environmental stimulation that elicits robust NE-LC discharge) may enhance signals in brain systems engaged by exogenous sensory stimuli and simultaneously suppress CNS activity associated with tonic vegetative functions which are low in priority for phasic adaptive behavior. Sleep, grooming, and consumption, as endogenously generated repetitive behaviors, may critically depend upon low levels of NE-LC impulse activity: vigorous discharge may disrupt or disengage such internally oriented behavioral patterns by enhancing signalto-noise characteristics (and, therefore, transmission flow) in CNS pathways important for appropriate response to unexpected external events. 
